Abstract: With climate warming, plants' spring phenology has advanced while autumn phenology has delayed. How does the phenology of desert plants respond to climatic variation? To reveal it, this study analyzed the phenological data of 22 desert species growing in the Minqin Desert Plants Botanical Garden located in the typical desert area in northwest China. The data was observed during the year 1974-2009. Results revealed that comparing with the literatures available, the temperature in the study area since 1974 rose more significantly and plants' growing periods were longer. Both the advance of arbor's spring phenology and the delay of herb's autumn phenology were obviously greater than that reported in available literature. The starting date of spring phenolgy advanced markedly. From 1974 to 2009, the starting date of spring phenology, the ending date of autumn phenology and plants' growing duration experienced 6 stages. The phenological changes in different stages were closely related to temperature variation.
INTRODUCTION
With global warming, the response of plant phenology to climate change has currently become a hotspot in phenological research. The studies abroad are mainly concentrated on the response of plants phenology to climate warming, dealing with issues like advance of spring phenology, delay of autumn phenology and lengthening of plants' growing periods (Menzel, 2002; Matsumoto et al., 2003; Badeck et al., 2004) .
Studies on the correlation between climate and growing season variation were mostly conducted in Europe, with almost the same results. In the midlatitudinal areas, plants' spring phenology depends on temperature changes (Chmielewski and Homas, 2001) . In Europe, with the temperature rising by 1°C in early spring, the growing period had advanced by 7 days; and with the mean annual temperature rising by 1°C, the growing period had lengthened by 5 days (Frank et al., 2001; White et al., 1999) . The American scholars concluded that since 1990s, the flowering period in southwestern America and northwestern Mexico had advanced with consecutive temperature rising (Janice, 2007) . Plants cannot survive without favorable temperature and only under certain accumulated temperatures can they complete their living circle (Menzel, 2000) .
Israeli researchers reported that water stress will not impact the phenology of annual desert plants but will slightly impact the flowering period. Water stress can accelerate plants' degeneration (Aronson et al., 1992) . El-Ghanif (1997) studied desert plants' phenology in Saudi Arabia. Ghazanfar (1997) studied the desert plants' phenology in the wadi in northern Oman. The results indicated that the start of flowering and the flowering period were closely correlated with precipitation and its duration; the total rainfall will not impact the flowering period of phanerophyte and chamaephyte, but will impact the start of flowering of annuals and hemicryptophyt.
In China, research on plant phenology is also focused on the correlation between phenology and climate warming (Zheng et al., 2002; Ge et al., 2003; Bai et al., 2009) . In recent decades, the spring phenology in high-latitudinal and mid-latitudinal areas has advanced to some extent, which ideally indicated the global warming trend and the regional differences . The flowering dates of the 48 woody species in Beijing during 1990-2007 advanced by 5.4 days in contrast to that during . Among the 48 species, 70.8% advanced by 7 days, excepting one species with rather later flowering (Bai et al., 2010) . Climatic variation has obviously changed the vegetative growth and multiply phenology of many species (Xia et al., 2012) .
The 17
th International Conference on Biology & Climate held in German in 2005 suggested: the methods of phenology research are becoming diversified, more and more attention was paid to the study on the comparison of regional phenological variations (Dai et al., 2006) . The responses of desert climate to the global warming are diversified. Many ecological issues in the desert area may closely related to temperature rising (Hu et al., 2001) . However, there are few research findings concerning the phenology of desert plants.
Desert plants are a kind of important species. They are at a significant position in the desert ecosystem. The climate in the Minqin desert area is sensitive to global warming (Zhu and Chang, 2011 
MATERIALS AND METHODS

Study site:
The study was conducted at the Minqin Desert Botanical Garden (Fig. 1) , which is located at the western fringe of the Tengger Desert in northwest China (102° 59′E, 38° 34 ′N), with an average elevation of 1378 m, annual mean temperature of 7.76°C, yearly average precipitation of 16.36 mm and annual average evaporation of 2383.7 mm. Mean aridity is 5.85 and annual average wind speed is 2.4 m/s. There are 27.4 days within a year during which wind velocity is bigger than 17 m/s. It is characterized by typical droughty desert climate. In Han dynasty (2200 years ago), there was a large area of water. However, desertification appeared since then and the environment was gradually degraded. Currently, the land is covered by undulating sand dunes, with a water table of 16-20 m. The natural During the observation, some species were added later while some disappeared. In this study, 22 species (8 species of arbor or small arbor, 10 species of shrub or semi-shrub and 4 species of herb) with complete observational data (Table 1) were selected for analysis. The observational data collected during 1974 -2009 was used in this analysis. Among the species, Artemisia arenaria and Nitraria tangutorum are the representative species of the natural shrubs in local area. Artemisia arenaria is widely distributed from the middle to lower parts of semi-fixed and mobile sand dunes, as well as Methods for observation and analysis: Phenological observation was carried out in accordance with the "Chinese phenological observation standard" (Wan and Liu, 1987) . It was done once two days during the growing period, with 3-5 individuals for each species as replication. The observation covered 15 phenophases (Table 2 ). Bud expansion is the starting point while the end of leaf-fall is the ending point of phenology. The meteorological data was derived from the ground weather station installed in the Minqin Integrated Desert Control Experiment Station (1.5 km away from the study site). The observation was done following the meteorological observation standards formulated by the Chinese State Meteorology Bureau.
The variations of both the starting dates of growing periods and the total growing periods were expressed in Julian days. Spring phenology refers to the duration from bud expansion to the end of flowering and autumn phenology refers to the duration from leaf-discoloration to the end of fruit-drop. Bud expansion is the starting of spring phenology and the end of leaf-fall is the ending of autumn phenology. Growing period refers to the duration from bud expansion to the end of leaf-fall. Data was analyzed using SPSS 13.0 software. Linear equation with one unknown quantity was applied in analyzing the variation trends of the air temperature, growing period, precipitation and air humidity. The correlation between air temperature, precipitation, air humidity and phenology was expressed with the Pearson correlation coefficient. The differences of phenological variations of plants with different ecotypes and life-forms were analyzed using the oneway ANOVA.
Ninety five percent confidence level was used for significance tests of regression trend and relevant coefficients, as well as for variance test. 
RESULTS AND ANALYSIS
During the period of 1974 -2009, the temperature in the study site showed a clearly increasing trend (p<0.01) (Fig. 2a) at the rate of 0.27°C/10a; in terms of monthly average temperature, the high increasing rate can be found in March, February, April, May, June, July and December, whereas the temperatures in January and August showed a decreasing trend. Only in March, April, May and July did the temperature showed an evidently increasing trend (p<0.05).
From 1974 to 2009, the starting dates of spring phenology (starting from the bud expansion, the same hereinafter) showed a clearly advance trend (p<0.01) (Fig. 2b) , advanced by 7.57 days in 36 years. The ending date of autumn phenology (the end of leaf-fall, the same hereinafter) displayed a noticeable delay trend (p<0.01) (Fig. 2c) , 4.33 days delayed in 36 years. The growing period showed an obvious lengthening trend (p<0.01) (Fig. 2d) , 11.9 days lengthened in 36 years.
Phenological variation of plants with different ecotype:
As for mesophyte during 1974-2009, the growing period showed a lengthening trend (p<0.01) at a rate of 0.36 days/a, lengthened by 12.60 days in 36 years; the starting date of spring phenology presented an advance trend (p<0.01) at the rate of -0.26 days/a, advanced by 9.17 days in 36 years; the ending date of autumn phenology showed a delay trend (p<0.01) at the rate of 0.10 days/a, delayed by 3.44 days in 36 years. As for xerophyte, the growing period showed a lengthening trend (p<0.01) at a rate of 0.36 days/a, lengthened by 10.89 days in 36 years; the starting date of spring phenology presented an advance trend (p<0.01) at the rate of -0.15 days/a, advanced by 5.26 days in 36 years; the ending date of autumn phenology showed a delay trend (p<0.01) at the rate of 0.16 days/a, delayed by 5.62 days in 36 years. Mesophyte's growing duration was significantly longer than xerophyte's (p<0.01) (Fig. 3a and b) .
The spring phenology of mesophyte advanced more days than that of xerophyte, whereas the autumn phenology delayed fewer days than that of xerophyte. The ANOVA significance test showed the budexpansion, bud-opening and the beginning of leaf extension of mesophyte advanced significant more days than those of xerophyte (p<0.01), whereas the end of fruit drop, beginning of leaf-discoloration, full leafdiscoloration, beginning of leaf fall and end of leaf fall of mesophyte delayed significant less days than those of xerophyte (p<0.01).
Phenological variation of plants with different lifeform:
As for arbor during 1974-2009, the growing period showed a lengthening trend (p<0.01) at a rate of 0.34a -1 , lengthened by 11.86 days in 36 years; the starting date of spring phenology presented an advance trend (p<0.01) at the rate of -0.25 days/a, advanced by 8.58 days in 36 years; the ending date of autumn phenology showed a delay trend (p<0.05) at the rate of 0.09 days/a, delayed by 3.29 days in 36 years. As for shrub, the growing period showed a lengthening trend (p<0.01) at a rate of 0.34 days/a, lengthened by 12.02 days in 36 years; the starting date of spring phenology presented an advance trend (p<0.01) at the rate of -0.20 days/a, advanced by 7.15 days in 36 years; the ending date of autumn phenology showed a delay trend (p<0.01) at the rate of 0.14 days/a, delayed by 4.87 days in 36 years. As for herb, the growing period presented a lengthening trend (p<0.01) at the rate of 0.33 days/a, lengthened by 11.68 days in 36 years; the starting date of spring phenology displayed an advance trend (p<0.01) at the rate of -0.19 days/a, advanced by 6.59 days in 36 years; the ending date of autumn phenology showed a delay trend (p<0.05) at the rate of 0.15 days/a, delayed by 5.09 days in 36 years. The growing duration of arbor and shrub the average advance duration of spring phenology of arbor was longer than those of shrub and herb; whereas its delay duration of autumn phenology was shorter than those of shrubs and herbs. Both the advance days of spring phenology and delay days of autumn phenology of shrubs were slightly longer than that of herbs. Analysis from ANOVA showed the advance durations of bud-opening, the beginning of leaf-extension, the beginning of flowering and the end of flowering of arbors were significantly longer than those of shrubs (p<0.01); whereas, the delay durations of full leafdiscoloration and the beginning of leaf-fall of arbors were significantly shorter than those of shrubs (p<0.01), the difference of the beginning of flowering of shrubs was significantly smaller than that of herbs (p<0.01).
Sensitive phenophases correlated to air temperature: In the 15 phenophases of 22 species, the advance of bud-expansion of 100% of the species (22 species) were significantly negatively correlated with temperature rising in the current month (α<0.05); the advance of flower-bud appearance of 95.5% of the species (21 species) were significantly negatively related to temperature rising in the current month (α<0.05); the advance of bud-opening and the beginning of leaf-extension of 90.9% of the species (20 species) were significantly negatively related to temperature rising in the current month (α<0.05), the advance of leaf flourishing of 81.8% of the species (18 species) were significantly negatively related to temperature rising in the current month (α<0.05); the advance of the beginning of flowering of 72.7% of the species (16 species) were significantly negatively related to temperature rising in the current month (α<0.05). The variation of remaining phenophases of less than 50% of the species was significantly related to temperature rising in the current month. The delay of the beginning of leaf-coloration, full leaf-discoloration, the beginning of leaf-fall and the end of leaf-fall were positively correlated with temperature rising in the current month (Fig. 4) .
The correlation between phenological variation and climatic variation are characterized as:
• The negative correlation between the phenology advance and temperature rising in current month from high to low was: bud-expansion, flower-bud appearance, bud-opening and the beginning of leaf extension, leaf flourish, the beginning of flowering, flower-flourishing, the end of flowering, fruit maturity, the beginning of fruit-drop; the positive correlation between phenology delay and temperature rising in current month from high to low was in an order as: full leaf-discoloration, the beginning of leaf-discoloration, end of leaf-fall, the beginning of leaf-fall.
• In early spring after bud expansion, the positive correlation between phenology advance and temperature rising in the current month became weak gradually.
• The effect of air temperature on plant phenology from high to low was in an order as: the average air temperature in the current month, the average air temperature in the current year, the average air temperature in the preceding month.
DISCUSSION
Since 1974, the temperature in the study area showed a significant rising trend and the duration of temperature rising was longer than that reported in literatures available. During 1974 During -2009 growing duration was longer in contrast to the findings in the literatures available. But both the advance days of mesophyte's and arbor's spring phenology and the delay days of xerophyte's and herbs autumn phenology were longer than those reported in the literatures available.
The advance of phenophase with temperature rising was ranked from earlier to later as: budexpansion, bud-opening, beginning of flowering, beginning of leaf-extension and leaf flourish, flowerbud appearance, flower flourishing, end of flowering, fruit-maturity. The delay of phenophase with temperature rising was ranked from later to earlier as: full leaf-discoloration, beginning of leaf-fall, beginning of leaf-discoloration, end of leaf-fall. There are more phenophases in spring as the temperature rises more quickly in spring. Therefore, the impact of temperature rising in spring on plants' phenology was greater than that of temperature rising in autumn. Air temperature exerts a significant short-term impact on plants' phenology.
The advance days of mesophyte's spring phenology were longer than xerophyte's, whereas the delay days of mesophyte's autumn phenology were shorter than xerophyte's. Mesophyte is more sensitive than xerophyte to temperature rising in spring and also to temperature dropping in autumn.
